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Abstract 

Background:  Movement data represent important inputs to both numerical and conceptual models that contribute 
to the assessment and management of sablefish (Anoplopoma fimbria) and Pacific halibut (Hippoglossus stenolepis) in 
the eastern North Pacific. While conventional mark-recovery data have greatly increased our understanding of these 
populations, tagging methods that produce only endpoint data (i.e., locations at tagging and recapture) cannot 
address dynamics such as the timing, frequency, and recurrence of movements. As a preliminary step in evaluating 
the feasibility of using acoustic biotelemetry for addressing management-relevant questions for relatively deepwater 
(≤ 600 m depth) species, we conducted tests of the detection range between VEMCO V16-5H transmitters and VR2W 
receivers. Six range-test stations were established that varied from a relatively shallow (154 m), narrow (3.8 km) ocean 
pass; through the mouth of a wide (20 km), deep (600 + m) fjord; and over the continental shelf. Each station con-
sisted of one receiver mooring and five transmitter moorings deployed at regular distances from 200 to 1200 m from 
the base of the receiver mooring. Bottom depth varied from 195 to 588 m. Transmitters were suspended 0.5 and 5 m 
off bottom, and receivers at 145–400 m below the sea surface depend on bottom depth. Receivers were deployed for 
162–595 days; however, maximum transmission time was 365 days.

Results:  The rate at which acoustic transmissions were detected by the receivers decreased with distance from the 
transmitters, mostly monotonically; at first gradually, from transmitters at distances of 400–800 m from the receivers, 
and then more steeply at distances beyond 800 m. Considerable variability in detection rates was observed, including 
low detection rates from individual locations and distances. Temporal changes in detection rates were observed that 
included convergence/divergence between detection of transmitters at a given distance from receivers but that were 
suspended at different elevations above bottom; stepwise seasonal shifts in mean detection; diurnal periodicity that 
was likely due to diurnal winds; and tidally mediated detection cycles. We determined that a linear “gate” of receivers 
spaced 1000 m apart would have a very high probability (≥ 0.99) under most conditions of detecting an acoustically 
tagged Pacific halibut transiting the gate, and that tagged-halibut identification rates using 2400-m receiver spac-
ing could approach or exceed 90%. However, during episodic periods of relatively poor tag detection, these rates are 
likely to decline to ~ 60–80%; and to below 10% under extreme conditions.

Conclusions:  Acoustic telemetry is a feasible technique for monitoring the movement of deepwater epibenthic 
fishes. However, temporal and spatial variability in detection rates, especially in seasonally stratified waters, has a 
strong potential to impart biases on study results and generate spurious patterns unrelated to tagged-fish behavior. 
The nature of such biases should be carefully considered during array placement and data interpretation. Range test-
ing should be conducted at all geographic locations at which arrays are to be established, rather than extrapolating 
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Background
Extensive geographic movement is an influential element 
of the population dynamics of sablefish (Anoplopoma 
fimbria) and Pacific halibut (Hippoglossus stenolepis), 
two of the eastern Pacific’s most commercially impor-
tant groundfish species, and mark-recovery tagging data 
play a large role in the management structures employed 
for both species. Sablefish in US Federal waters are cur-
rently managed by US National Marine Fisheries Ser-
vice (NMFS) as a single population [1] based largely on 
conventional tagging data and genetic evidence [2, 3] 
that suggest considerable mixing throughout offshore 
waters from the Aleutian Islands and eastern Bering 
Sea and southward to the Alaskan panhandle. In con-
trast, analyses of tagging data [1, 4] have indicated only 
limited exchange between this stock component and the 
state-managed waters of Southeastern Alaska [1], and 
so the latter is managed separately using closed-popu-
lation mark-recapture-based abundance estimates [5]. 
For Pacific halibut, extensive mixing suggested by pas-
sive integrated transponder (PIT) tagging programs [6] 
has served to justify coastwide assessment modeling [7] 
and conventional tagging data have been used to esti-
mate seasonal cross-boundary migration rates [8] that 
are important to consider when discussing fishery season 
dates (sensu [9]). However, conventional tag-return data 
can be biased by varying levels and loci of fishing (tag 
return) effort (sensu [10]), biased rates of tag detection 
(sensu [11]) or reporting (sensu [12]), and the rates at 
which tagged animals mix into the untagged population 
during the interval between mark and recapture (sensu 
[13]). Furthermore, mark-recovery methods that produce 
only endpoint data (i.e., locations at tagging and recap-
ture) are unable to address many of the more complex 
elements of fish-movement dynamics, such as the timing, 
frequency, and recurrence of movements.

As an adjunct to conventional tagging programs, more 
detailed information regarding the migratory dynamics 
of fishes may be obtained using acoustic tagging, by “gat-
ing off” important movement routes with lines of acous-
tic receivers at likely points of fish ingress and egress [14, 
15]. In contrast to conventional mark-single-recapture 
tagging (e.g., external tags or PIT tags, with recaptures 
occurring in commercial or recreational fisheries), acous-
tic telemetry enables multiple detections of individually 
tagged animals, often with high detection probability. 

That said, sablefish often range to ocean depths of up to 
700 m and have been recorded at over 2000 m depth [16]; 
Pacific halibut are commonly caught in the commer-
cial fishery at up to 700 m [17] and have been shown to 
visit depths of at least 844  m during the winter spawn-
ing season [18]. The interplay of deep water, complex 
bathymetric and shoreline contours, high energy storms 
and sea state, large (5 + m) tidal ranges, strong currents 
(3 + m s−1), high rainfall and attendant episodic infusion 
of fresh water, water stratification due to pycnoclines, 
and periodic heavy vessel traffic are among the factors 
that can affect the detection of signals from acoustically 
tagged fish (e.g., [19]) and introduce spatial and temporal 
biases that can complicate the interpretation of acoustic 
tag data. Thus, an initial step in the process of evaluating 
the effectiveness of acoustic telemetry in habitats such 
as those inhabited by these two species is to determine 
the range and performance of ultrasonic transmitters and 
receivers that are likely to be used, under the conditions 
that would typically be encountered during the course 
of deployments. Welsh et  al. [20] emphasize the desir-
ability of conducting range tests specific to individual 
studies, locales, and target species and Kessel et al. [21] 
have encouraged the use of fixed “sentinel tags” within all 
active acoustic arrays in order to monitor variance in tag-
detection efficiency over time.

However, the existing literature describing dedicated 
acoustic range tests, gear performance, and acoustic posi-
tioning systems for tagged fish is largely lacking in deep-
water (here, defined as depths > 200 m) studies. Rather, 
the majority of empirical range-testing studies have been 
conducted at depths of  <  50  m [e.g., 22–28], describing 
applications in which the relative depth of the acoustic 
receivers and their tagged targets would be quite similar. 
For deepwater benthic species, depth limitations associ-
ated with moored acoustic receivers can introduce con-
siderable differences in depth between the receivers and 
tagged targets, increasing their relative distance from one 
another and resulting in a greater probability that acous-
tic interference might exist within the intervening water 
column. Furthermore, only one study [29] has provided 
detection-at-distance data for acoustic tags deployed in 
an Alaskan setting likely to be representative of our target 
array locations. Here, we conducted tests to determine 
the detection range of VEMCO Limited (Halifax, Can-
ada) V16-5H acoustic transmitters using VR2W receivers 

from a few test locations. Arrays should always contain sentinel tags to monitor detection rates and account for 
transient features that affect those rates. We also note the necessity of placing at least two gates at any given location 
in order to substantiate movement of tagged animals past any desired point of reference.

Keywords:  Fish, Marine, Telemetry, Stationary acoustics, Detection range, Deepwater
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in deep marine waters of Southeast Alaska. Our goal was 
to describe nominal tag-detection rates relative to their 
distance from receivers under optimal conditions, and 
to investigate and characterize temporal variance in tag 
detection and associate this variance with transient envi-
ronmental conditions (e.g., surface noise, seasonal pycn-
oclines, tidal periodicity) that might induce it. These tests 
were necessary to help determine the effective receiver 
spacing for potential acoustic gates and arrays, and thus 
the cost associated with the possible implementation of 
acoustic telemetry programs for deepwater epibenthic 
fishes in this area. In addition, such information may be 
useful to the tagging community at large, as researchers 
increase acoustic-tagging studies of deepwater demer-
sal and mesopelagic species such as lingcod (Ophiodon 
elongatus [22, 29]), rockfishes (Sebastes spp. [30]), and 
Greenland sharks (Somniosus microcephalus [31, 32]).

Methods
From August 2009 through May 2011, we conducted 
tests to determine the detection range between VEMCO 
V16‐5H acoustic transmitter tags and VR2W omnidi-
rectional acoustic receivers. The V16-5H transmitters 
were chosen because they were one of the most power-
ful tags available, with attendant high detection range, and 
because average-sized sablefish and Pacific halibut can 
easily accommodate this tag. The transmitters transmitted 
at a frequency of 69 kHz, with a power output of 165 dB 
re 1uPa at 1 m distance from the tag. Signal transmission 
rate varied pseudo-randomly among transmitters with 
one tag ID (a.k.a., “code burst”) every 170–310  s with a 
nominal (mean) delay time of 240 s between code bursts.

Test array locations
Tests were conducted in the marine waters of Southeast 
Alaska in depths ranging from 200 to 588  m at loca-
tions varying from a relatively narrow passage in inte-
rior waters to offshore locations on the continental shelf. 
Testing was conducted by deploying subsurface moor-
ings at each of six locations (stations). Station locations 
were those likely to be instrumented to address move-
ment questions related to residency patterns of sablefish 
and Pacific halibut occupying the waters of Chatham 
Strait (Fig. 1), and alongshore migration on the continen-
tal shelf of Southeast Alaska. The complement of moor-
ings at each location included a receiver node with one or 
two acoustic receivers, and five transmitter nodes spaced 
linearly in 200-m increments at distances ranging from 
200 to 1200 m from their receiver node.

We conducted two cruises to deploy receivers and 
transmitters: the first from 23 to 26 August 2009; the 
second from 21 to 25 May 2010. During the first deploy-
ment cruise, four stations (Fig.  1) were established at 

three locations within protected inside waters: (1) two 
stations (Stns. 1 and 2) at the mouth of Chatham Strait; 
(2) one station in central Frederick Sound (Stn. 3); and (3) 
one station at the west end of Icy Strait, in South Passage 
(Stn. 4). Two offshore stations (Stns. 5 and 6) were estab-
lished in 2010, located southwest of Cape Ommaney at 
the southern tip of Baranof Island.

Array design
At Stations 1–4, transmitter nodes were placed in lines 
at distances of 400, 600, 800, 1000 and 1200  m from 
the base of their receiver nodes (Table  1, Fig.  2). Data 
obtained from the Station-4 receiver following its prema-
ture release and recovery in March 2010 (see below) sug-
gested that maximum signal detection might occur from 
transmitters placed < 400 m from their receivers. There-
fore, the 2010 deployments (Stns. 5 and 6) included trans-
mitter nodes at 200  m from the base of these receiver 
moorings, but with no 1200-m transmitter nodes.

Each transmitter node consisted of a tether constructed 
of 6  m of 8-mm diameter ultra-high molecular weight 
polyethylene line (Dyneema; DSM, Heerland, the Neth-
erlands) buoyed with a 23-cm diameter, round, hard plas-
tic trawl float, and anchored to a 280-kg steel railroad-car 
wheel. Two 69  kHz, V16‐5H transmitters, programmed 
to transmit for 365 days, were attached to the tether. One 
transmitter was suspended at 0.5 m and the other at 5 m 
above the sea floor (hereafter, referred to as transmitter 
“elevation”; Fig.  2). The two transmitter elevations were 
chosen to mimic the distance from the benthos at which 
Pacific groundfish are typically observed: near-bottom 
(0.5 m) for benthic species such as flatfishes, lingcod, and 
skates (Rajidae); off-bottom (5.0 m) for epibenthic species 
such as sablefish, Pacific cod (Gadus macrocephalus), and 
rockfishes. Transmitters were attached along the tethers 
using nylon zip ties.

Receiver nodes at each station consisted of variable-
length (200–588 m, depending on ocean depth) tethers 
of 8-mm Dyneema, buoyed with three 46-cm diameter 
hard plastic trawl floats, and anchored using a 280-kg 
steel railroad-car wheel (Fig. 2). The first 1 m of tether 
above each receiver anchor was composed of 9.5-mm 
galvanized chain to prevent chafing. Either one (Stns. 
3–6) or two (Stns. 1 and 2) receivers were attached to 
the tethers, above benthos (Teledyne Technologies, Fal-
mouth, USA) 875‐TD acoustic releases. At Stations 1 
and 2, which were placed in water depths in excess of 
400  m, acoustic receivers were placed at each of two 
depths (150 and 400  m below the surface) in order to 
evaluate the effect of varying receiver depth on acous-
tic signal detection. At stations that were placed in 
water shallower than 400  m (Stns. 3–6), single receiv-
ers were used and positioned at ~ 55-m elevation above 
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the sea floor (Table 1). At stations with single receivers, 
the acoustic releases were positioned 10  m below the 
receivers. For the double-receiver stations, the acous-
tic releases were positioned 10  m below the deeper 
(i.e., 400-m depth) receivers. Receivers were attached to 
their tethers using nylon zip ties, with the hydrophones 
pointed toward the ocean floor. The acoustic releases 
were to be activated at the end of the deployments in 
order to recover the receivers containing the signal-
detection data.

Acoustic node deployment
Immediately prior to deploying nodes at each station, 
the speed and direction of the surface current was esti-
mated by allowing the deployment vessel to drift for 

approximately 15 min. This speed estimate, in combina-
tion with an estimate of the sinking rate of the railroad-
car wheels and the known depth at each station, was 
used to determine the distance and direction up-current 
where each node was released, in order to maximize the 
likelihood of each node landing at its intended location.

In addition to the V16‐5H acoustic tags at each trans-
mitter node, a single Lotek MA-16-332 76-KHz trans-
mitter (Lotek Wireless, St. John’s, Canada) was affixed to 
each transmitter and receiver node as an aid in pinpoint-
ing node locations after deployment, using the Lotek syn-
thetic aperture positioning system (SYNAPS; [33]). We 
were concerned that upon release from the surface the 
nodes might drift off station because of the great water 
depth, potential for strong currents, and because the 

Fig. 1  Locations of the acoustic tag range-test stations (closed circles) that were established and maintained in Southeast Alaskan waters from 
August 2009–May 2011, and at which wind data (open triangles) were obtained for comparison of daily tag-detection rates relative to local wind 
conditions
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broad surface area of the railroad-car wheels might cause 
them to plane sideways as the they descended.

Data analyses: calculation of performance metrics
Detection ranges were evaluated by calculating the fol-
lowing three performance metrics among transmitter–
receiver combinations: (1) the detection-to-ping ratio; 
(2) the proportion of expected decoded transmitter sig-
nals, or tag IDs, that were detected over a given interval 
of time (a.k.a., “detection proportion”); and (3) a noise 
quotient [34]. Detection-to-ping ratio and noise quotient 
were not calculated for Station 4 because the data file 
needed for these calculations was lost.

Each ping that is produced by a transmitter is a single 
acoustic signal of specific frequency and duration that is 
followed by a specified period of silence. In order to pro-
duce a transmitter-specific identification code (transmit-
ter ID), V16-5H transmitters emit a series of eight pings 
(i.e., a code burst) with temporal characteristics that are 
unique to that transmitter, in essence, an acoustic bar 
code. However, acoustic signals produced by sources 
other than VEMCO transmitters (e.g., surface noise, Alp-
heid snapping shrimp) may also be recorded by VR2W 
receivers, and potentially misidentified as transmitter 

pings. Thus, only uninterrupted code bursts that conform 
to stringent error-checking routines that verify their con-
formance to transmitter-ID specifications are identified by 
VR2W receivers as detections from specific transmitters. 
If every ping received by a transmitter ultimately results 
in the generation of coded detections, that receiver would 
generate one detection for every eight pings received. The 
receiver’s detection-to-ping ratio can therefore be used 
as a qualitative measure of its ability to convert the pings 
that were recorded into decoded transmitter IDs (D. Web-
ber, VEMCO Limited, Halifax, Canada; personal commu-
nication). This metric is simply calculated as: (number of 
detections × 8)/number of pings. Values approaching one 
indicate very high translation of pings into detections; val-
ues approaching 0 indicate that few pings could be inter-
preted by the receiver as transmitter signals.

Proportions of the expected transmitter detections that 
were ultimately resolved by each receiver over specified 
time periods, and for each transmitter–receiver combi-
nation, were then estimated as:

P =
D

T · d +

(

Sdep+Sret
)

t

Fig. 2  Schematic of an acoustic tag range-test station showing the receiver node, with acoustic receivers suspended at two depths below the sea 
surface, and five transmitter nodes spaced from 400 to 1200 m from the base of the receiver node
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where P proportion of estimated expected detections 
resolved by the receiver, D total number of detections by 
the receiver during the specified period, T expected mean 
number of transmissions per day = 356, d total number 
of whole days during the specified period, Sdep seconds 
between initial and final detection s on the first day of the 
period, Sret seconds between initial and final detection s 
on the last day of the period, t nominal frequency of code 
bursts, in s = 243 (i.e., 1 code burst every 243 s).

The denominator t was derived by adding the 3-s length 
of the ping train to the nominal delay between pings of 
240 s.

In addition to recording the total number of pings and 
fully decoded signal IDs that have been received, VR2Ws 
also record “synchronization intervals” (hereafter, 
“synchs”). Synchs represent the first identifiable element 
of each code burst and are used by the receiver to iden-
tify that a transmitter has begun broadcasting. Synchs 
are defined by the time that elapses between the first 
and second pings that are received within a code burst. If 
these two pings occur within the finely specified interval, 
the receiver interprets those signals as having initiated a 
valid code burst, records the synch, and then attempts to 
use the pings that follow to identify the transmitter code. 
Because the interval between the two pings is so precisely 
defined, the probability that acoustic noise could be spu-
riously interpreted as the beginning of a code burst is 
generally very small. Thus, the number synchs received is 
expected to provide an accurate record of the number of 
code bursts that were received. If, however, acoustic noise 
generates interference that occurs after the second ping, 
but before the code burst has ended, the receiver will be 
unable to derive a transmitter ID from that code burst. 
Using these data, a noise quotient can be calculated for 
any receiver and period of time that relates the number 
of code bursts that the receiver was able to identify to 
the total number of acoustic signals detected (individual 
pings; whether from tags or from other sources). Here, 
noise quotient was calculated following Simpfendorfer 
et  al. [34] as: number of pings—(number of synchs—
number of pings necessary for ID), where number of 
pings necessary for ID = 8.

Statistical analyses
Paired-sample t tests were conducted to test for signifi-
cant differences in the detection of acoustic signals ema-
nating from near-bottom (i.e., 0.5-m elevation) versus 
off-bottom (i.e., 5.0-m elevation) transmitters at each 
individual transmitter node, and in the detection of indi-
vidual transmitters by shallow (i.e., 150-m depth) versus 
deep (i.e., 400-m depth) acoustic receivers. These tests 
were conducted at two temporal scales (i.e., invoking 

considerably different sample sizes and, hence, degrees 
of freedom): (1) over the entire period during which each 
node pairing was deployed; (2) considering daily mean 
detection proportions (i.e., at a temporal resolution con-
sistent with attempts to determine fish presence-absence 
at an acoustic array on a daily basis).

Relationships between daily total transmitter detec-
tions and regional daily mean wind conditions were 
investigated via simple linear regression. Daily mean 
wind speed data were obtained from the US National 
Climatic Data Center (https://www.ncdc.noaa.gov) for 
three locations near to our range-test stations (Fig.  1): 
Port Alexander (Stns. 1, 2, 5, and 6), Five Finger Island 
lighthouse (Stn. 3), and Bartlett Cove (Stn. 4). Wind 
speed data for Port Alexander were only available after 
31 September 2009, and so the wind analyses for Sta-
tion 2 omitted the first 38 full days (12.5%) of that sta-
tion’s deployment; for all other stations daily wind data 
were available for full-study duration. For each analysis, 
observed daily mean wind speed (W) values were first 
converted to wind stress (T ), as a proxy for wave gen-
eration and its associated surface noise, following Brown 
et al. [35], as:

where c (coefficient of mixing)  =  0.0016 for W  <  7  m 
s−1;  =  0.0025 for W  >  10  m s−1; scales linearly from 
0.0016 to 0.0025 for W from 7 to 10 m s−1.

Periodograms were computed using Fast Fourier trans-
forms to investigate whether periodic cycles in tag detec-
tion occurred at range-test stations and identify and 
visualize the period lengths associated with any apparent 
periodicity. Prior to analyses, tag detections were pooled 
hourly among all transmitters at a given station that had 
been deployed at the same elevation (i.e., near-bottom 
and off-bottom). For the main analysis, periogram plots 
were generated by repeated estimation over 240-h mov-
ing windows applied over the full course of each station’s 
deployment. Analyses using larger time windows were 
also carried out to allow for the identification of perio-
dicity occurring at lunar time scales (bi-monthly and 
monthly). Following calculation of the periodograms, two 
additional data transforms were conducted on the raw 
hourly data in order to confirm and investigate period 
lengths of specific interest. First, a smoothed time series 
was computed that captured diurnal periodicity (i.e., 24 h 
period length) and the result was subtracted from the raw 
data, allowing shorter-period residual cycle(s) to be visu-
alized. Second, a highly smoothed time series was com-
puted over the full period of deployment that allowed 
for longer-period cycles (i.e., over weeks–months) to be 
visualized. Both transformed datasets were plotted for 

T = c ×W 2

https://www.ncdc.noaa.gov
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comparison with the untransformed data, Fourier peri-
odograms, and predicted semilunar tidal amplitudes for 
the study region.

All statistical analyses were conducted using the R sta-
tistical program version 3.3.2 [36]. Paired-sample tests 
and linear regressions were conducted following Radzi-
will [37]. Fourier transforms were conducted using the 
FFT function in the R package “stats.” All errors reported 
herein represent one standard deviation about the 
reported mean values.

Estimation of effective receiver spacing for a mobile target
As an aid in evaluating the utility of acoustic gates for 
addressing fish-movement questions, extreme-case, if not 
worst-case, scenarios may be developed to help estimate 
appropriate receiver spacing, and therefore the number 
of receivers needed to gate off fish-movement pathways. 
As an alternative to modeling detection as a continuous 
function dependent upon distance from the receiver, 
the detection radius for each receiver can be viewed as 
being composed of multiple, discrete, concentric rings 
of detection probabilities that decrease with increasing 
distance from the receiver (Fig. 3). Receivers positioned 
sufficiently close to one another in a linear array would 
form a series of intersecting rings of detection probabili-
ties (Fig. 3). These rings would define a band of changing 
detection probabilities that constitute the acoustic gate, 
designed to detect acoustically tagged animals swimming 
through, or within the range of, the gate. At the outer 
edge their detection radii, the two circles that define each 

detection region would intersect at two points. Fish trav-
elling along the line that connects these points (i.e., the 
common chord for the intersecting circles) would remain 
within the detection band for the shortest period of time 
at any constant movement speed, relative to any other 
path that may be travelled; travelling this path would 
therefore minimize the animal’s probability of detection. 
As such, this length (hereafter, the “minimum intersec-
tion line,” MIL) represents the most conservative estimate 
of the width of the acoustic gate. Increased receiver spac-
ing would reduce this length, thereby reducing the gate’s 
minimum detection probability, defined as the probabil-
ity that at least one tag transmission will be received from 
a tagged fish as it passes through the gate. Halibut can be 
used for example calculations of such detection probabil-
ities given observed tag-detection rates from range-test 
data.

Here, we calculated the length of the MIL associated 
with paired receiver nodes as a function of receiver spac-
ing, assuming that the detection radii for both receivers is 
equivalent, as:

where r  detection radius of the receivers; d  distance 
between the receivers.

This was then converted to an estimate of the minimum 
amount of time that would be required for an acoustically 
tagged Pacific halibut to travel through the gate, by divid-
ing MIL by the halibut’s cruising speed. Average cruising 

MIL = 2× sqrt
{

r2 − (0.5d)2
}

Fig. 3  Conceptual representation of the detection band for three acoustic receivers, each with a 1000-m effective tag-detection range, positioned 
in a linear array so as to form an “acoustic gate.” The series of concentric rings around the receivers represent bands that are 200 m wide, with shad-
ing around the leftmost receiver representing tag-detection probabilities that decrease with distance from the central receiver. Detection rings 
around the rightmost receiver have been omitted for clarity. The shortest possible pathway through the gate is indicated by the vertical dashed line 
(i.e., from arrowhead-to-arrowhead): the “Minimum Intersection Line,” which for a gate with a nominal bandwidth of 2000 m would be 1732 m in 
length
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speed for adult halibut has been observed in a laboratory 
setting to be approximately 0.5 body lengths per second 
(T. Loher, unpublished data). The total number of pings 
that are expected to be emitted by the fish’s tag during its 
transit was then calculated as transit time (in s) divided 
by mean transmission frequency (=  243  s; see above). 
The probability of at least one code burst being detected 
(hereafter, the probability of “identifying” the tagged ani-
mal) is then:

where pd  minimum detection proportion between tag 
and receiver; n  number of code bursts during transit of 
the MIL.

Results
Array placement
In only one case (Stn. 3) were we able to use Lotek® SYN-
APS [33] to pinpoint the locations of the receivers and 
their transmitter nodes, due to the poor quality, incon-
sistency, and low number of detection s from the Lotek 
transmitters at all other stations. The reason(s) for the 
general lack of signal detection remains unknown. At 
Station 3 we obtained detections of sufficient quantity 
and quality to provide SYNAPS-estimated locations of 
the receiver node and its five transmitters, with modest 
precision. The estimated location of the receiver node 
was 10 m from its target location, and transmitter nodes 
1–5 differed from their target locations by 20, 31, 80, 71, 
and 36 m, respectively. At Stations 1–3 we were able to 
confirm that the receiver nodes were very close to their 
target locations based on the detection of their trawl 
floats on the vessel’s depth sounder. The floats presented 
strong sonar returns at the target locations and depths 
for each station.

Acoustic receiver recovery
At the end of January 2010, the receiver node from Icy 
Strait (Stn. 4) was set adrift prematurely due to an acous-
tic release malfunction. This receiver drifted westward 
into the northern Gulf of Alaska and was recovered by a 
fisherman in March 2010, near Prince William Sound.

In May 2010, we attempted to recover receivers from 
Stations 1–3 but experienced complete failure of their 
acoustic release systems. The failures were presumably 
due to the side-by-side pairing of the releases, as recom-
mended by the manufacturer to putatively increase the 
chance of recovering receivers should one of the releases 
fail. This configuration was later demonstrated to cause 
binding in the attachment chain, leading to inability for 
the chain to slide off the release arms in the presence 
of upward buoyant force. In June 2010, we were able to 
recover the receivers from Station 2 after 12 h of dragging 

P = 1− (1− pd)
n

with a grappling hook. In May 2011, the receiver at Sta-
tion 3 was retrieved in a similar manner. The receivers 
from Station 1 were not recovered, although the node’s 
presence was confirmed by the appearance on the vessel’s 
depth sounder of the trawl floats, suspended at 127 m.

Due to the malfunctions experienced at Stations 1–3, 
single acoustic releases were used at Stations 5 and 6, 
deployed thereafter. In May 2011 these receivers were 
retrieved via normal activation of their acoustic releases. 
Receiver nodes that were successfully recovered had been 
deployed for periods ranging from 160 to 621 days; how-
ever, the transmitters were programmed to cease trans-
mitting after 365 days.

Detection rates
Excluding each receiver’s  day of deployment and day of 
retrieval (i.e., days with only partial data), daily detection-
to-ping ratios varied from a low of 55% at the shallow 
receiver of Station 2 on 24 June 2010, to a high of 86% 
at Station 5 on 30 October 2010. Receiver-specific daily 
detection-to-ping ratios averaged over the entire course 
of deployment were fairly consistent and ranged from a 
low of 73 ± 4.6% (shallow receiver at Stn. 2) to a high of 
79 ± 4.6% (Stn. 5).

Over the full course of deployment, proportions of 
the absolute estimated number of transmission IDs that 
were successfully detected (hereafter, “detection propor-
tions”) among transmitter–receiver combinations varied 
from 0.04 to 0.84 (Fig. 4). Among the five stations, detec-
tion rates most commonly decreased monotonically with 
increasing distance between the transmitters and their 
receivers, at distances  >  400  m (Fig.  4). However, there 
were a number of differences among stations. At Sta-
tion 2 (Fig. 4a, b), the proportion of detections from the 
0.5-m-elevation transmitter at both receiver depths were 
less at 800-m distance than from the 1000-m node. That 
this pattern was observed only from the near-bottom 
transmitter suggests that a physical obstruction may have 
been between this transmitter and the station’s receivers. 
The transmitter node may have settled in a depression or 
next to an object (e.g., a rocky outcrop or kelp) of suffi-
cient size to have blocked some of its transmissions. At 
the stations on the continental shelf (Stns. 5 and 6), with 
transmitter nodes closest (200 m) to their receivers, con-
sistently lower detection rates were observed from the 
200-m transmitters than from those at 400 m (Fig. 4e, f ), 
for both transmitter elevations.

Mean detection proportion for all 5-m-elevation trans-
mitters pooled over the full period of deployment of those 
transmitters (M = 0.63 ± 0.205) was significantly greater 
(paired-sample t test, t(28) = 2.059, p = 0.049) than for 
transmitters suspended at 0.5  m (M  =  0.60  ±  0.224). 
At Station 2, where two receiver depths were tested, 
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Fig. 4  Relative to the total number of tag ID transmissions estimated to have occurred for each acoustic transmitter, the proportions that were 
detected by each of the acoustic receivers that were placed at range-test Stations 2-6.  a Receiver placed at 150 m depth at Station 2; b receiver 
placed at 400 m depth at Station 2; c receiver placed at 300 m depth at Station 3; d receiver placed at 145 m depth at Station 4; e receiver placed at 
298 m depth at Station 5; and f receiver placed at 303 m depth at Station 6.  In each panel, the receiver’s depth below the sea surface is indicated.  
Open circles connected by dashed lines indicate transmitters that were suspended 0.5 m off bottom and solid diamonds connected by solid lines 
represent transmitters suspended 5.0 m off bottom
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full-period detection proportions at the deeper receiver 
(0.58 ±  0.272) were significantly greater (paired-sample 
t tests, t(4)  =  3.072, p  =  0.037) than at the shallower 
receiver (0.48 ± 0.274).

Daily detection proportions: effects of distance 
between receivers and transmitters
Reflective of the total numbers of detections, daily detec-
tion proportions (Figs. 5, 6, 7) generally declined mono-
tonically with increasing distances between transmitters 

and receivers (e.g., Fig.  6e–h). As with total detections, 
exceptions were evident at Stations 5 and 6 (Fig. 7), which 
showed increases in detection rate as transmitter-node 
distances increased from 200 to 400 m, before declining 
at distances beyond 400  m. Also, detection proportions 
declined between 600 and 800  m at Station 2 for both 
receivers and then increased at 1000  m before declin-
ing to their lowest levels at 1200  m. The largest incre-
mental decrease in transmitter detection was most often 
observed between 1000 and 1200 m (Fig. 4).

Fig. 5  Proportions of estimated daily expected acoustic transmissions detected by shallow (150-m depth; left panels) and deep (400-m depth; right 
panels) receivers from transmitters at acoustic tag range-test Station 2, located at the mouth of a deep passage (i.e., Chatham Strait) between pro-
tected inshore waters and the outer continental shelf.  a Receptions by the 150-m receiver from transmitters placed 400 m from its base; b recep-
tions by the 150-m receiver from transmitters placed at 800 m; c receptions by the 150-m receiver from transmitters placed at 1,000 m; d receptions 
by the 150-m receiver from transmitters placed at 1,200 m; e receptions by the 400-m receiver from transmitters placed at 400 m; f receptions by 
the 400-m receiver from transmitters placed at 800 m; g receptions by the 400-m receiver from transmitters placed at 1,000 m; and h receptions 
by the 400-m receiver from transmitters placed at 1,200 m.  In each panel, solid lines are detection proportions from transmitters suspended 0.5 m 
(dark) and 5.0 m (light) off bottom.  Dashed lines are mean detection proportions over the full transmission period
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Daily detection proportions: effects of transmitter 
elevation and receiver depth
Pooled among stations and transmitter–receiver distances 
over the course of the deployments, a significantly greater 
overall mean daily detection proportion (paired-sample 
t test, t(8704) = 25.138, p < 0.001) was observed for the 
5-m-elevation transmitters (M =  0.63 ±  0.205) than for 
transmitters suspended at 0.5  m (M  =  0.60  ±  0.224). 
However, the magnitude of this difference was small 
(i.e.,  ~  3% increase in mean detection rate) relative to 
the broad range of detection proportions that were 
observed. Furthermore, the logistical relevance of this 

mean difference is questionable given the occurrence of 
striking temporal patterns in detection rates, when con-
sidering specific transmitter–receiver distances, which at 
times demonstrated long periods during which detection 
was markedly greater for the near-bottom transmitters 
(e.g., Figs. 5g, 6d). Important temporal trends in relative 
detection rate took four basic forms: (1) decreased detec-
tion proportion for one transmitter elevation relative to 
the other, but with detection from both elevations covary-
ing throughout deployment (Fig.  5b, c, f ); (2) initial dif-
ference between the transmitter elevations followed by 
convergence (Fig. 5a, g); (3) initial similarity followed by 

Fig. 6  Proportions of estimated daily expected transmissions detected at acoustic tag range-test Station 3 (located in a broad sound within 
protected coastal waters; left panels) and at Station 4 (within a narrow inshore passage; right panels).  a Receptions at Station 3 from transmitters 
placed at 400 m from the base of the receiver; b receptions at Station 3 from transmitters placed at 800 m; c receptions at Station 3 from transmit-
ters placed at 1,000 m; d receptions at Station 3 from transmitters placed at 1,200 m; e receptions at Station 4 from transmitters placed at 400 m; f 
receptions at Station 4 from transmitters placed at 800 m; g receptions at Station 4 from transmitters placed at 1,000 m; and h receptions at Station 
4 from transmitters placed at 1,200 m.  In each panel, solid lines are detection proportions from transmitters suspended 0.5 m (dark) and 5.0 m 
(light) off bottom; dashed lines are mean detection proportions over the full transmission period
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divergence (Fig. 5h); and (4) periodic convergence/diver-
gence (Fig. 6c, d).

At Station 2, where two receiver depths were tested, 
daily detection proportions (Fig.  5) were significantly 
greater at the deeper receiver than at the shallower 
receiver for all 0.5-m-elevation transmitters (paired-
sample t tests, t(303) ranging from 6.622 to 44.954, all 
p  <  0.001). For the transmitters suspended at 5-m ele-
vation, significantly greater detection occurred at the 
deeper receiver for transmitter nodes located at 800–
1200 m (paired-sample t tests, t(303) ranging from 4.117 
to 36.083, all p  <  0.001), but not for the transmitters 

located closer to the receivers. At the 600 m transmitter–
receiver distance, no difference was observed between 
the shallow and deep receivers (paired-sample t test, 
t(303)  =  0.576, p  =  0.565), while significantly greater 
detection of the 400-m transmitters occurred at the 
shallow receiver (paired-sample t test, t(303)  =  8.661, 
p < 0.001).

Daily detection proportions: temporal trends
Notable temporal patterns in moored transmitter detec-
tion, the nature of which could potentially bias the inter-
pretation of data from tagged animals, included: (1) 

Fig. 7  Proportions of estimated daily expected transmissions detected at acoustic tag range-test Stations 5 (left panels) and 6 (right panels), 
both located in open coastal continental shelf habitat.  a Receptions at Station 5 from transmitters placed 200 m from the base of the receiver; b 
receptions at Station 5 from transmitters placed at 400 m; c receptions at Station 5 from transmitters placed at 600 m; d receptions at Station 5 
from transmitters placed at 1,000 m; e receptions at Station 6 from transmitters placed at 200 m; f receptions at Station 6 from transmitters placed 
at 400 m; g receptions at Station 6 from transmitters placed at 600 m; and h receptions at Station 6 from transmitters placed at 1,000 m.  In each 
panel, solid lines are detection proportions from transmitters suspended 0.5 m (dark) and 5.0 m (light) off bottom; dashed lines are mean detection 
proportions over the full transmission period
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smoothly trended changes in detection over time; (2) 
highly variable detection rates; and (3) abrupt, stepwise 
shifts in transmitter detection. Although most transmit-
ter–receiver combinations displayed either trended or 
stepwise changes over their deployment periods, in a few 
cases relatively large variability was observed throughout. 
Such high variability was particularly pronounced for the 
200-m transmitters at Station 5, beginning at deployment 
and extending to mid-September 2010 (Fig. 7a). This var-
iability decreased afterward, but was still approximately 
twice that observed from the 400-m transmitters (Fig. 7a 
vs. b). A similar pattern was observed from the 200-m 
transmitters at Station 6, but day-to-day variability was 
even greater than at Station 5 and persisted throughout 
deployment (Fig. 7e).

Apparent seasonal shifts in detection were observed at 
many stations. These were most pronounced at distances 
beyond 400 m (e.g., Figs. 6a vs. b–d, 7b vs. c, d). Periods 
of greater transmitter detection began as early as August 
(Fig.  7h) and as late as mid-December (Fig.  6b, c), and 
ended between January and mid-May.

Noise quotients
Among all transmitter–receiver combinations, the daily 
mean time between detections varied from 257 ± 133.3 s 
(for the 5-m-elevation transmitter at 400-m distance at 
Stn. 2) to 6138 ± 11,964.9 s (the 5-m-elevation transmit-
ter at 1200-m distance at Stn. 4). Of the 59 transmitter–
receiver combinations, 31 displayed mean times between 
detections that were greater than the 310  s that repre-
sented the maximum-programmed interval between 

the transmissions of each transmitter. This is an indirect 
indication that factors (i.e., acoustic noise) other than the 
randomly programmed ping rate (i.e., ranging from 170 
to 310  s) affected time between detections. Daily noise 
quotients varied between a minimum of − 13,373 at Sta-
tion 6 to maximum of − 33 at Station 3. Mean daily noise 
quotients ranged from −  6081 ±  2500 for Station 6 to 
− 2735 ± 356 for the shallow receiver at Station 2.

Daily mean wind influence
Regressions of total number of daily detection versus daily 
mean wind stress yielded coefficients of determination 
(R2) that ranged from near-zero to 0.11. Although about 
half of the regressions (47%) were significant (p  <  0.05), 
the universally low R2 values suggest that short-period 
mean wind conditions had little measurable influence on 
acoustic detections. Additionally, the signs of the regres-
sion coefficients were not consistent and statistically sig-
nificant relationships were distributed between positive 
and negative slopes. Approximately 36% of the significant 
analyses suggested reduced detection with increasing 
wind speed, as might be expected (in particular, at Stns. 
5 and 6), whereas in 64% of significant cases the relation-
ships between wind speed and daily acoustic detections 
were positive (i.e., Stns. 3 and 4).

Periodicity in tag detections
The periodograms identified clear periodic cycles in tag 
detection that ranged from approximately 6–24 h (Fig. 8). 
No periodicity at period lengths  >  24  h were apparent 
from these analyses. Among the detected periods, the 

Fig. 8  Periodograms computed via Fast Fourier transform of hourly total acoustic transmitter detections at an acoustic range-testing station 
located within a narrow inshore passage (Station 4; left panels) and at a station on the exposed continental shelf (Station 5; right panels).  a 
Receptions from transmitters suspended 5.0 m off bottom at Station 4; b receptions from transmitters suspended 0.5 m off bottom at Station 4; c 
receptions from transmitters suspended 5.0 m off bottom at Station 5; and d receptions from transmitters suspended 0.5 m off bottom at Station 
5.  Periodic cycles in tag detection are apparent at period lengths of 24, 12.6, 8, and ~6 hours; note that the cycles with diurnal (24-hour) and 8-hr 
periodicity ceased during mid-winter
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diurnal (24-h) signal was most pronounced. Diurnal peri-
odicity was apparent in both protected inshore waters 
and on the continental shelf (Fig. 8). It was more strongly 
observed in the inshore waters of Station 4 (Fig.  8a, b) 
and more weakly so at offshore Station 5 (Fig.  8c, d). 
Similar to the observation of stepwise seasonal changes 
in total tag detections at some stations (e.g., Fig.  6b, c), 
diurnal periodicity in tag detections was apparent dur-
ing the relatively low-detection summer months, ceased 
in autumn, and then resumed in late-winter and spring. 
A signature that was similar to the diurnal pattern was 
also displayed with an 8-h period: this shorter-period 
cycle was apparent during summer and spring but absent 
during mid-winter. Weaker and relatively transient 
periodicity was observed at timescales consistent with 

the ebb-flood tidal cycle: at 12.6 h (Fig. 8b, d) and ~ 6 h 
(Fig. 8a, b). Unlike the diurnal and 8-h cycles, some evi-
dence of tidal detection cycles was observed throughout 
the year; in particular, in the 6-h cycle at Station 4 that 
extended into December and January after the diurnal 
signal had ceased (Fig. 8a, b).

The diurnal pattern in tag detection that was identi-
fied by periodogram was easily visualized in plots of the 
raw pooled data, especially at Station 4 (Fig. 9a). Closer 
inspection indicated that the diurnal detection cycle rep-
resented declining detection rates over the course of day-
light hours followed by return to relatively high detection 
by morning. Removing the diurnal periodicity from the 
data confirmed the occurrence of the 8-h cycle (Fig. 9b), 
which appeared to primarily represent consistently low 

Fig. 9  Hourly acoustic transmitter detections from all transmitter nodes at acoustic tag range-test Station 4, located within a narrow inshore pas-
sage. The data are plotted in raw form over the full deployment period (a); for a selected 10-day period following subtraction of the diurnal cycle 
(b); and over the full deployment period after being smoothed (c). In b, the red vertical lines indicate 8-h periods; in c, they indicate 15-day periods. 
In d, total daily transmitter detections from the most distant transmitter node (1200 m) are plotted in relation to predicted semilunar tidal ampli-
tude at the study site
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detection every 8  h followed by variably higher recep-
tion in subsequent hourly bins. A longer-period (roughly 
bi-monthly) trend in detection that seemed apparent in 
the raw hourly data (Fig.  9a) was more apparent after 
smoothing and corresponded to an approximately 15-day 
cycle. This period length was not detected via peri-
odogram, but appeared to be driven by striking declines 
in signal reception, especially from the 1000- and 1200-m 
transmitters, that were in-phase with estimated tidal 
amplitudes (Fig. 9d).

Effective receiver spacing for a mobile target
Assuming that an adult Pacific halibut cruises at 0.5 
body lengths s−1 (T. Loher, unpublished data), a 100-cm 
halibut (i.e., typical size for a halibut that has become 
fully selected to the commercial fishery) would cruise at 
approximately 0.5 m s−1. If receivers are spaced 1000 m 
apart, then at 1000 m from the receivers the intersecting 
outer margins of the detection rings of adjacent receiv-
ers will form a line that is 1732 m in length (Fig. 3). At 
constant cruising speed this halibut would swim this 
distance in  ~  3464  s. For V16-5H transmitters, we can 
assume that while the instrumented halibut transits this 
distance its tag’s code bursts would be delayed by no 
more than 310 s, which would result in at least 10 trans-
missions while within the detection band. In the current 
study, the lowest long-term average tag-detection pro-
portion that we observed at 1000 m was 0.35; i.e., from 
the 0.5-m-elevation transmitter at Station 4 (Figs. 4, 6). If 
we assume this detection proportion throughout transit, 
the probability of at least one tag identification occur-
ring at one receiver, from 10 code bursts, would be: 1–
(1–0.35)10  =  0.986. However, because the halibut is 
swimming between two receivers, the probability that the 
fish’s transit would produce at least one tag identification 
at either receiver between which the halibut has swum 
would be: 1–(1–0.35)20 = 0.999.

Alternatively, a range of worst-case scenarios may be 
calculated based on observations of short-period declines 
in detection probability. Cyclic variation in transmitter 
detection proportions indicates that conditions com-
monly occur that could markedly reduce a fish’s prob-
ability of detection during transit. For the transmitters 
located at the 1000 m node at Station 4, troughs in daily 
detection proportion were observed at rough 2-week 
intervals throughout the autumn and displayed values 
of 0.08–0.10 (Fig. 6g). Resolved at hourly scales (i.e., the 
approximate total transit time that was suggested in the 
previous calculations) during reduced-detection peri-
ods, transmitter detection proportions pooled between 
elevations were sometimes as low as 0.04. Considering a 
range of hourly-to-daily detection proportions of 0.04–
0.10, calculations equivalent to those reported above 

yield probabilities of tagged-fish identification ranging 
from 0.557 to 0.878. These probabilities might be fur-
ther reduced if periods of reduced transmitter detection 
are associated with periods of increased current speeds, 
during which an instrumented fish that swims with the 
current would be expected to transit the gate at increased 
speed. In extreme cases, tidally induced current speeds in 
South Passage (i.e., at Station 4) may reach 3 m s−1; add-
ing this to the Pacific halibut’s hypothetical transit speed 
would reduce its nominal detection probability to as low 
as ~ 0.08.

Station 4 displayed the greatest amount of noise at 
extreme distances, presumably due the restricted nature 
of the channel in which it was located and resultant tid-
ally mediated current velocities (Fig.  9d). As such, data 
from this station are not likely to be representative of 
most locations at which acoustic gates would be placed; 
in particular, broader embayments and along the conti-
nental shelf. To determine whether a wider receiver spac-
ing might be effective in quieter environments, the above 
calculations were conducted using data from the remain-
ing stations, focusing on the 1200-m transmitter nodes. 
Among these, the 0.5-m-elevation transmitter at Station 
2 displayed the lowest detection proportion (i.e., 0.09). 
The MIL associated with transit of a gate with 1200-m 
receiver spacing would be 1600  m, and the probability 
that at least one tag identification would occur for a 100-
cm Pacific halibut swimming at constant cruising speed 
along that path, given a constant detection proportion of 
0.09, would be 0.884.

Discussion
Range tests of acoustic transmitter–receiver combina-
tions are advised, and often conducted as an initial step 
in research that is implemented to study the movements 
of mobile aquatic species [14, 15, 20, 38]. We conducted 
our range tests in order to determine the feasibility of 
implementing movement studies using acoustic telem-
etry, attempting to determine the number of receivers 
that might be required to gate likely movement paths of 
sablefish and Pacific halibut. Ultimately, our focus was to 
determine the effort and costs that would be necessary 
to achieve detection efficiencies (i.e., recapture probabil-
ity) sufficient to address questions regarding movement 
among management areas. Our results suggest that high 
fish-identification rates are likely for deepwater fish spe-
cies crossing acoustic gates that are placed in waters up 
to 600 m in depth, with receivers spaced at up to 1200-m 
distance from one another. However, striking temporal 
patterns in tag detection that were presumably related to 
oceanographic variability could markedly reduce detec-
tion probability on scales ranging from daily to seasonal 
and confound the interpretation of fish movement in 
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some contexts. Thus, we strongly support recommenda-
tions to include sentinel tags in all active acoustic-tagging 
arrays (sensu [21]).

The detection range between acoustic receivers and 
transmitters can be influenced by a wide variety of fac-
tors. In addition to the characteristics of the transmitters 
(e.g., power, ping rate; [39, 40]), these can include ambi-
ent noise levels (caused by current, waves, vessel traf-
fic, or marine organisms), and wave bending that can be 
influenced by factors such as depth, temperature, and 
salinity gradients [15, 34, 38, 39], animal swimming speed 
[40], and physical obstructions between receivers and 
transmitters [20, 41].

Considerations related to gear configuration
Among the variety of factors that can influence tag-
detection rates in deepwater environments, our results 
provide insight regarding the distance between receivers 
and transmitters, depth of transmitters relative to the sea 
surface, the relative elevation of transmitters off bottom, 
the potential effects of deploying transmitters in fixed 
orientations at fixed locations, and the likelihood of tag 
signal collisions when multiple tags broadcast in close 
proximity to one another. With respect to receiver–trans-
mitter distances, of immediate concern is the degree to 
which we were able to place nodes within each array at 
their target distances. While we were unable to effec-
tively use SYNAPS to verify node locations after place-
ment, the data from Station 3 confirmed that lateral drift 
of the nodes during their descent to the sea floor might 
have introduced substantial variance into the nominally 
200-m spacings that were intended. However, inspec-
tion of the resulting reception data suggests that this is 
unlikely to have had a large influence overall. Specifically, 
were the internode distances to vary broadly around the 
200-m target, we would expect to have observed numer-
ous cases in which the reception rates decayed discon-
tinuously over the nominal distances. That is, it should 
have been common to observe cases in which adjacent 
nodes displayed nearly identical reception rates due to 
their close proximity to one another, followed by large 
stepwise decay at adjacent node(s) due to the artificially 
large internode distance(s) that would subsequently have 
resulted. At Station 4 there is evidence of this: the 600- 
and 800-m nodes appear as if they were relatively close 
to one another based on nearly identical reception rates, 
while potentially having been being more distantly sepa-
rated from the 400- and 1000-m nodes, respectively. In 
a few other cases, there were “stutters” in the reception 
rates observed at single transmitter nodes, but not for 
both transmitter elevations as would be obligatory con-
sidering their attachment to the same mooring. Thus, 
considered among all stations and across the distances 

that defined their attenuation curves, we conclude that 
the nature of these results were unlikely to be substan-
tially affected by node placement errors.

The percentages of total detections from transmit-
ters other than those that we deployed were very small, 
ranging between 0.01 and 0.10% among the six receivers; 
therefore, collisions with transmitters other than ours 
were rather trivial. Similarly, although the transmitters 
deployed at each station transmitted constantly, increas-
ing the chances for acoustic collisions among them, the 
peak reception rates observed at each station were con-
sistently higher than the overall estimated rates derived 
from VEMCO’s “Collision Calculator” (https://vemco.
com/collision-calculator/). Whereas ten V16-5H trans-
mitters programmed as ours and broadcasting simul-
taneously in close proximity to one another would be 
expected to suffer a 27% signal-collision rate (i.e., 73% 
total detection rate), we observed detection rates that 
peaked at 74–82% among stations. Although some pro-
portion of this relative difference would have been due 
to fewer signals reaching the receivers than expected, 
and therefore being unable to interfere with one another, 
these generally high peak reception rates argue against 
the hypothesis that code collisions were largely influen-
tial in the observed detection patterns. Additionally, our 
detection-to-ping ratios were relatively high. Detection-
to-ping ratios in the range of 50–60% are common (D. 
Webber, VEMCO Limited, personal communication), 
whereas the mean daily ratios in this study ranged from 
73 to 79%. Positive noise quotients result from environ-
mental noise that generates more pulses than could have 
been generated by tags [34]. Negative noise quotients, 
such as we experienced, are an indication of a high degree 
of signal collisions. Such high signal-collision rates 
should probably not be expected for free-ranging animals 
that only periodically come within range of receivers. As 
such, our tag-detection estimates are expected to be gen-
erally conservative.

Transmitters anchored in fixed positions may experi-
ence additional variations in detection rate that would be 
uncommon for transmitters attached to fish. With little 
or no current, our transmitters would have been oriented 
vertically in the water column, along the axis of their 
tethers. However, with increasing current the tethers 
would be pushed off vertical. In their study in a riverine 
system, Clements et  al. [42] noted that acoustic power 
output was lower through the ends of transmitters rela-
tive to that which was produced around the sides of the 
cylinder. Thus, the orientation of the transmitter influ-
ences the direction of its greatest acoustic output. For a 
horizontally oriented tag implanted into a fish, maximum 
output would occur above and below the animal rather 
than off its nose and tail; i.e., the signal would be directed 

https://vemco.com/collision-calculator/
https://vemco.com/collision-calculator/
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upwards toward the suspended receiver instead of along 
the seafloor. For our vertically oriented tags, their detect-
ability was likely to vary as current conditions caused 
off-vertical fluctuations in their orientation, as well as 
changes in receiver angle. Additionally, sudden decreases 
in tag detection rate without later recovery (e.g., the near-
bottom transmitter at the 1200-m node at Station 2, after 
February; see Fig. 5h) might occur if a tag breaks from its 
mooring, either in whole or in part.

Additionally, detection of our moored transmitters 
might decrease in cases where transmitters are depressed 
by currents to such an extent that a benthic object could 
occlude the path between the transmitter and receiver. 
Some of the consistently low detection rates that we 
observed (e.g., the near-bottom transmitter at the 800-m 
node at Station 2; see Fig. 5b) may have been attributable 
to a physical obstruction (e.g., kelp fronds) that partially 
blocked their transmission pathways. Again, such phe-
nomena are less likely to affect tag-detection in mobile 
fish, as one would expect the animal to eventually swim 
past any obstruction and become detectable.

The pattern that was repeated at both offshore stations 
of decreased total detections from the 200-m transmit-
ters relative to those at 400  m is also noteworthy. One 
possible reason for this could have been partial or peri-
odic blocking of transmissions by the trawl floats used 
for transmitter suspension. For the transmitters posi-
tioned at 200  m, the estimated angles to the receivers 
were approximately 18 and 16 degrees at Stations 5 and 
6, respectively; for the 400-m transmitter nodes, these 
angles were about 9 and 8 degrees, respectively. Although 
these angles seem too low to place the trawl floats in 
direct lines between the transmitters and receivers, under 
unusually strong current conditions the floats could have 
been displaced sufficiently to have caused such interfer-
ence. Alternatively, reduced detection of the tags closest 
to the receivers may have represented “close proximity 
detection interference” [43], in which signal decoding is 
prevented due to temporally overlapping detection of tag 
signals and their echoes emanating from reflective sur-
faces (e.g., the benthos, pycnoclines, or sea surface).

Finally, consistently higher tag-detection rates for the 
deeper receiver relative to the shallow receiver at Sta-
tion 2, across transmitter-node distances and transmit-
ter elevations, may be attributable to numerous factors, 
including relatively shorter linear distances from tag-to-
transmitter (i.e., slant distance; e.g., [44]), greater distance 
from surface-related acoustic noise, and greater distance 
from pycnoclines (see next section) that may interrupt or 
deflect signal transmissions. Alternatively, in habitats in 
which local topography might serve to block the trans-
mission pathway between benthic transmitters and a 
suspended receiver, placing receivers higher in the water 

column could improve line of sight and increase detec-
tion probability relative to deeply deployed receivers. 
As such, for deep-dwelling fish, maximizing detection 
probabilities may involve a tradeoff between minimizing 
receiver–transmitter distances while maintaining effec-
tive line of sight.

Environmental considerations
Among the transient environmental factors that might 
affect tag-detection rates, daily averaged wind stress 
as a proxy for resulting sea state did not appear signifi-
cant. Although others [45, 46] have concluded that wind 
stress can have a strong influence on acoustic tag detec-
tion, we could find no such effect on a daily scale. Differ-
ing results may be a function of the cited studies having 
deployed tags on mobile fauna as opposed to fixed moor-
ings; or due the relatively deeper environments in which 
our tests took place. Alternatively, inconsistency in our 
results may have been caused by the nature of the wind 
data upon which we based our regressions. For most sta-
tions we were forced to use data from anemometer sta-
tions that were likely imperfect reflections of conditions 
at our test locations. Specifically, Bartlett Cove is a pro-
tected embayment located in the entrance to Glacier Bay, 
approximately 60 km north of Station 4; Port Alexander is 
located on the protected eastern side of Chichagof Island. 
As such, the wind stress estimates for all but Station 3 are 
likely to have been somewhat decoupled from the true 
conditions at the range-test stations. Furthermore, analy-
ses based solely on daily mean wind speed will be naïve 
to relative persistence of those winds and the systems 
that generate them and, hence, the potential for sea state 
to build over extended periods without changes in mean 
stress. In contrast, the strong diurnal pattern that was 
apparent in the periodograms is wholly consistent with 
wind influence. Diurnal cycles in tag detection have been 
attributed to diurnal winds [46] and biological noise [15, 
24]. Here, decreasing detection as days progressed and 
recovery of detection rates overnight suggest the building 
and relaxing of thermally driven diurnal winds [46, 47] 
in contrast to observations that biological noise tends to 
increase either at night [15] or crepuscularly [48].

The lack of strong evidence for tidal effects on tag 
detections was likely due to our deep operating depths, 
at which relatively low current speeds would be expected. 
Semmens et al. [27] conducted acoustic range tests over 
a monthly tide cycle in a flat-and-channel habitat that 
exhibited depths no greater than 40  m and found no 
relationship between tag-detection rates and either tidal 
phase (i.e., high, ebb, low, flood) or state (i.e., neap, inter-
mediate, spring). In the current study, we did find evi-
dence of the daily ebb-flood cycle via Fourier analysis 
(sensu [26]), but the signals were weak and the periods 
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over which they occurred were transient. Although not 
indicated in the periodograms, closer attention to the 
hourly data from Station 4 suggested potentially strong-
est influence at the semilunar period. At this location, 
peak current velocities were expected to be ≥  3  cm s−1 
during spring tides and were probably capable of depress-
ing transmitter and receiver floats, thereby changing 
angles of incidence associated with the transmissions. 
Inspection of the station’s receiver revealed abrasions on 
its casing suggestive of having come into regular contact 
with the rocky bottom. Current has been shown to be 
among the factors that can impart rhythmic patterns in 
detection frequency (sensu Fig. 9), absent of tagged-ani-
mal behavior [15, 26].

Stratification of marine waters (i.e., pycnoclines: ther-
moclines and/or haloclines) can also influence the detect-
ability of acoustic signals [26, 40]. Hydrographic structure 
of Southeast Alaskan waters is strongly influenced by 
seasonal precipitation, snow-melt, glacial runoff, and 
thermal forcing. We hypothesize that the stepwise, sea-
sonal shifts in tag detection observed both within Fred-
erick Sound (Stn. 3) and on the coastal shelf (Stns. 5 and 
6), as well as the erosion of diurnal periodicity seen in the 
Fourier transforms, were influenced by such stratifica-
tion. Strong seasonal shifts in the detectability of sentinel 
tags have been observed elsewhere (e.g., [26]), and in our 
case the onset of decreased detection was consistent with 
the expected development of summer pycnoclines. Con-
versely, downwelling, strong winds, and cooling serve to 
enhance vertical mixing [49] and probably contributed 
to the improved detectability in autumn and winter (e.g., 
Stn. 3, Fig. 6d, e). With respect to diurnal periodicity, we 
hypothesize that in summer the pycnocline may have 
served as a reflective surface that directed wave-gener-
ated surface noise back toward the receivers, amplifying 
its ability to interfere with transmitter signals. Erosion of 
this layer in winter would allow such noise to more effi-
ciently disperse and attenuate to depth.

The source of 8-h periodicity in transmitter detections 
is more difficult to explain. We are unable to identify any 
obvious atmospheric, oceanographic, or anthropogenic 
factors that were likely to be operating in these areas 
during the study period. In theory, pronounced biologi-
cal noise occurring at dawn and dusk (sensu [48]) should 
be capable of this at times when day length approximates 
8 h. However, in the study region this would occur from 
approximately November through January; the period 
over which no such periodicity was observed. Ultimately, 
additional studies in which corresponding environmen-
tal data are collected and measurements of ambient 
noise are conducted throughout the course of transmit-
ter–receiver deployments may be required to identify the 
source of this signal.

Variation in tag detectability may also be attributable 
to factors such as varying, spatially complex bathym-
etry and shoreline configuration, passage constrictions, 
and the presence of sills; each of which can influence 
the direction and speed of wind, currents, salinity and 
temperature gradients, and vertical mixing. Finally, 
suspended sediments are known to influence acoustic 
transmissions [43]. Runoff from the coastal mountains 
of Southeast Alaska and glacial scouring introduce high 
particulate loads into the interior waters [49], in addition 
to the organically derived particulate load.

Feasibility of deepwater acoustic gating
Series of receivers may be oriented in linear arrays to 
form gates across pathways of known or suspected fish 
movements (e.g., [15, 38, 42]). Discrete estimates of 
detection probabilities can be used to quantify detec-
tion range, estimate appropriate spacing or density of 
receivers, and evaluate the utility of acoustic tagging as 
a method of addressing movement questions. Given the 
greatly varying and location-specific conditions that can 
influence detection probability, calculations such as those 
conducted herein should probably be conducted at each 
candidate location for acoustic gates or arrays.

Welsh et al. [20], working in a coral reef environment, 
concluded that the working detection range could be 
as low as 60 m for a VEMCO V9-1L transmitter with a 
power output of 146 dB. Studying movement of blacks-
potted croaker (Protonibea diacanthus) Semmens et  al. 
[27] used VEMCO VR2 receivers in concert with V16-5H 
transmitters (the same combination that we used) in two 
coastal areas of Australia. The areas included a channel 
that was 40–50  m deep bordered on each side by shal-
lows (5–10 m), and a shallow (< 10 m) muddy bay with 
rocky outcrops. They determined a maximum effective 
detection range of 200  m, achieving 73–91% detection. 
Studying cuttlefish (Sepia apama) in South Australia, 
Payne et al. [15] achieved a detection efficiency of about 
46% at a distance of 200  m in water that was 6–10  m 
deep, using VEMCO V9AP-2L transmitters and VR2W 
receivers. Monitoring movements of Atlantic cod (Gadus 
morhua) in deep (65–100  m) boulder fields in the Gulf 
of Maine, Lindholm et al. [50] estimated a 400-m detec-
tion range for VEMCO V8SC-1H-R256 transmitters and 
VR2 receivers, based on 80% detection efficiency. Egli 
and Babcock [51] used VEMCO V16 and V8SC tags in 
combination VEMCO VR2 receivers on a coastal reef 
and determined a working range of < 500 m.

Here, we estimated individual pairwise receiver–trans-
mitter detection proportions that were no higher than 
0.84, but demonstrated that the probability of detecting a 
tagged fish moving through the gate could often be mark-
edly higher, and a working detection range of 1000  m 
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might be reasonable in many contexts. This would 
occur because the fish’s transmitter would be expected 
to transmit multiple times while within the detection 
band, providing multiple opportunities for tag identifi-
cation. In addition, the fish-identification probabilities 
that we estimated assumed that the fish would travel at 
a constant rate, along the shortest path possible, at maxi-
mum average distance from the receivers, with all of its 
tag transmissions spaced at the maximum nominal delay. 
This suite of assumptions is quite conservative, relative to 
a more likely scenario in which transmissions are more 
frequent and the instrumented fish travels a meandering 
path, thereby increasing its residence time and coming 
closer to the receivers than would be experienced by trav-
elling along the MIL.

Pincock [52] suggests that, under worst-case condi-
tions, 50% detection probability can be used as the limit 
for reliable tag detection. Among our range-test stations, 
this level was generally achieved at 1000–1200  m from 
the receivers, potentially allowing for a high probabil-
ity of fish identification using 2000–2400  m spacing in 
the areas where we would be likely to establish acoustic 
gates. This spacing might be insufficient to yield precise 
estimates of movement rates in applications where such 
estimates would directly impact quota decisions, and 
maintaining substantially closer spacing (e.g., 1000  m) 
may be financially prohibitive across large segments of 
continental shelf. For example, it may be infeasible to gate 
the borders between British Columbia and the USA, from 
shore to 1000-m depth, in order to estimate seasonal bio-
mass redistribution [8] relative to fishery opening and 
closing dates (sensu [53]). However, using acoustic tag-
ging to address questions that are less rate-dependent 
appears feasible. For example, the technology could be 
appropriate for estimating proportional redistribution 
among areas and for elucidating the timing of dispersal 
of various demographics within both Pacific halibut and 
sablefish populations. The receiver spacings that proved 
viable here are similar to those used by Pecl et al. [40] to 
study movements of calamary (Sepioteuthis australis) in 
inshore waters of Tasmania and may prove feasible for 
gating ecologically important deepwater features of the 
North Pacific, for example, passes of the Aleutian Island 
Chain in order to assess the relative isolation of local hal-
ibut spawning groups (sensu [54, 55]), or the continental 
shelf west of Vancouver Island to investigate relationships 
between sablefish dispersal and environmental forcing 
functions (sensu [2]). Ultimately, the utility of any tech-
nological advancement should be assessed relative to the 
scale of the questions that are to be addressed. Accept-
able detection thresholds will be case-specific and should 
be evaluated in the context of acceptable levels of failure 

to detect instrumented animals moving through the cho-
sen array.

Conclusions
Our range tests indicate that relatively high fish-identifi-
cation probabilities (i.e., ≥ 90%) of deepwater (i.e., up to 
600-m water depth) targets can be achieved using V16-
H5 transmitters in combination with VEMCO VR2W 
receivers that are spaced up to 2400 m apart, for example, 
in linear arrays or gates. The variation in tag-detection 
proportions that we experienced suggests that periodic 
oceanographic and atmospheric conditions can alter tag-
detection probabilities—potentially to a large degree—
at a variety of behaviorally and ecologically important 
scales, and so range testing should be conducted at all 
geographic locations at which receiver arrays are to be 
established rather than simply testing at a few locations 
and extrapolating among locations. Furthermore, opera-
tional arrays should contain sentinel tags, to monitor 
detection rates and account for transient features that 
may affect those rates. These considerations may be par-
ticularly relevant when multiple arrays are established 
over large geographic areas, invoking a complex of spa-
tial and temporal factors that can influence detectability. 
Finally, it should be noted that linear acoustic gates can 
provide important information about fish movement, 
but can only provide evidence that a tagged individual 
has come within the gate’s detection range [14, 40]. No 
array can provide definitive proof that any tagged ani-
mal has moved beyond the array. To substantiate passage 
through an array or gate, the animal must be detected 
at a subsequent array located at an appropriate distance 
beyond the first. This potential need for multiple gates 
to verify dispersal among areas should be considered 
when designing acoustic networks to address movement-
related hypotheses.
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